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Abstract
X-ray absorption spectroscopy and optical reflectance measurements have
been carried out to elucidate the evolution of the electronic structure in
(Mg1−xAlx)B2 for x = 0.0, 0.1, 0.2, 0.3, and 0.4. The important role of
B 2p σ hole states to superconductivity has been identified, and the decrease
in the hole carrier number is quantitatively determined. The rate of the de-
crease in the hole concentration agree well with the theoretical calculations.
On the other hand, while the evolution of the electronic structure is gradual
through the doping range, Tc suppression is most significant at x = 0.4. These
results suggest that the superstructure in (Mg1−xAlx)B2, in addition to the
σ holes, can affect the lattice dynamics and contributes to the Tc suppression
effect. Other possible explanations like the topological change of the σ band
1
Fermi surface are also discussed.
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Within two years of the discovery of superconductivity in MgB2 [1], intensive studies
have led to tremendous understanding of this new and unique intermetallic superconductor.
The main frame has been set both by theory and experiments. MgB2 is a phonon-mediated
strong coupling superconductor. The two-dimensional B 2p σ holes play a crucial role in
superconductivity of MgB2 [2–5]. In contrast to classical s-wave superconductors, MgB2
has multiple superconducting energy gaps though it is fully gapped [2,5–10]. However,
there are issues on MgB2 remaining somewhat open yet. One example is the Al doping
effects on Tc of MgB2. It is established that the Al doping leads to Tc suppression in
MgB2. Al doping also shortens the c axis in the layered hexagonal structure. Furthermore,
the Al-layer ordering in (Mg1−xAlx)B2 was reported [11,12]. Since superconductivity in
MgB2 is of phonon origin, the interplay of the lattice dynamics and the evolution of the
electronic structure in (Mg1−xAlx)B2 is of great interest. However, compared to the detailed
studies of phonon spectrum in (Mg1−xAlx)B2 [13], the Al doping effects on the electronic
structure have not been thoroughly explored yet. In this paper, we report detailed x-ray
absorption and optical reflectance measurements in (Mg1−xAlx)B2 for x = 0.0, 0.1, 0.2, 0.3,
and 0.4. Comparisons between the present results and other theoretical and experimental
works provide deeper insight into the electronic structure and Tc suppression mechanism in
(Mg1−xAlx)B2.
To prepare (Mg1−xAlx)B2, the stoichiometric mixture of Mg,
11B, and Al powder (Alfa
Aesar) was ground softly for an hour. Resultant powder was palletized and wrapped by a
Ta foil. Then it was put into a high pressure cell. This whole process was performed in
an inert Ar gas. A 12 mm cubic multi-anvil system was used for a high pressure synthesis.
The cell was heated up to 950 oC and maintained 950 oC for 2 hours. Then it was quenched
to room temperature. Details of high-pressure synthesis will be found elsewhere [14,15].
The lattice parameters a and c, shown in the inset of Fig. 1, were obtained from x-ray
diffraction measurements. Al doping led to an obvious decrease in c due to the smaller
ionic radius of Al3+than that of Mg2+, while the effect on a was relatively insensitive. The
diffraction pattern of the x = 0.2 sample showed the presence of two phases. All the above
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x-ray diffraction results were consistent with those in the literature [11,12]. The resistivity
ρ was measured by the four-probe method, as shown in Fig. 1. Tc was determined by
the midpoint of the transition, and was consistent with the magnetization M measurements.
The sharp transition both in ρ andM manifested the good quality of the samples. Moreover,
Tc suppression effects due to Al doping are consistent with the reported results [11,12].
X-ray absorption near edge structure (XANES) in fluorescence mode is a powerful tool to
investigate the unoccupied (hole) electronic states in complex materials and is bulk sensitive.
The B K-edge x-ray absorption spectra were carried out using linear polarized synchrotron
radiation from 6-m high-energy spherical grating monochromator beamline located at SRRC
in Taiwan. Details of the measurements were described elsewhere [16,17]. Energy resolution
of the monochromator is set to be 0.15 eV for the B K-edge energy range. The energy was
calibrated as in Ref. [18]. The absorption spectra were normalized to the maximum of the
peak around 200 eV.
Near-normal optical reflectance spectra were taken at room temperature on mechanically
polished surfaces of high density polycrystalline samples. Middle infrared (600-3000 cm−1)
measurements were made with a Perkin-Elmer 2000 spectrometer coupled with a FT-2R
microscope, while the spectra in the near-infrared to near-ultraviolet regions (4000-55000
cm−1) were collected on a Perkin-Elmer Lambda-900 spectrometer. The modulated light
beam from the spectrometer was focused onto either the sample or an Au (Al) reference
mirror, and the reflected beam was directed onto a detector appropriate for the frequency
range studied. The different sources and detectors used in these studies provided substantial
spectral overlap, and the reflectance mismatch between adjacent spectral ranges was less
than 1 %.
The B K-edge XANES on (Mg1−xAlx)B2 was studied and shown in Fig. 2. The peaks
centered between 186.5 and 187 eV can be identified to be closely associated with B 2p σ
holes. Two additional peaks around 192∼194 eV (not shown), probably due to either boron
oxides or resonances, were also observed in this work. These features do not appear to affect
the peak of B 2p σ states, and are not included in the following discussions [18–20].
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The most noticeable change is the decrease in the intensity of the pre-edge peak with
increasing Al doping. This can be reasoned as the electron doping effect with the substitution
of Al3+ for Mg2+. XANES thus directly verifies the crucial role of B 2p σ holes together with
Tc suppression effects due to Al doping. It is also noticed that the change of the intensity
is gradual, like the x dependence of Tc(x), until x = 0.4. No dramatic change between x
= 0.0 and 0.1 was observed in the present work, while a 65% drop in the spectral weight
was reported in Ref. [20]. In general, the onset and the peak energies both increase with Al
doping as expected naively by the concept of hole filling, while indicating that the rigid band
model can not be vigorously applied. Furthermore, the onset and the peak energies actually
decrease slightly from x = 0.0 to 0.1, which probably suggests a corresponding change of the
core level energy. This curious tendency appears to be genuine, since it was also observed
in another independent work [21].
To further quantify the decrease in the number of hole carriers, the optical spectroscopy
has been proved to be an effective tool for the investigation of the doping-induced spectral
weight [22]. The optical properties (i.e. the complex conductivity σ(ω) = σ1(ω) + iσ2(ω)
or dielectric function ǫ(ω) = 1 + 4πiσ(ω)/ω) were calculated from Kramers-Kronig analysis
of the reflectance data [23]. To perform these transformations one needs to extrapolate the
reflectance at both low and high frequencies. At low frequencies the extension was done
by modeling the reflectance using the Drude model and using the fitted results to extend
the reflectance below the lowest frequency measured in the experiment. The high-frequency
extrapolations were done by using a weak power law dependence, R ∼ ω−s with s ∼ 1–2.
Similar optical experiments has been performed on MgB2 [24]. In this work, the detailed
optical measurements on (Mg1−xAlx)B2 are reported. Figure 3 shows the room-temperature
real part of the optical conductivity σ1(ω) as a function of Al doping, obtained from a
Kramers-Kronig transformation of the measured reflectance data. For the x = 0.0 sample,
the optical conductivity can be described in general terms as (i) coherent response of itinerant
charge carries at zero frequency; (ii) an overdamped mid-infrared component around 3500
cm−1; and (iii) two interband transitions near 17000 and 50000 cm−1. We have tried to fit
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the conductivity spectrum in the whole frequency range with a Drude part and three Lorentz
oscillators. The Drude plasma frequency of the carriers ωpD and their scattering rate 1/τD are
27000 and 1000 cm−1, respectively. The estimated Drude resistivity [ρDrude = (ω
2
pDτD/60)
−1,
in unit Ω-cm] is 8×10−5Ω-cm, in reasonable agreement with the transport results. As Al
doping proceeds, the far-infrared conductivity is decreasing, while the oscillator strength of
the mid-infrared absorption is nearly independent of doping.
An attempt in separating the zero-frequency absorption channel from the mid-infrared
absorption sometimes produced ambiguous results. This is the case that there has been
much discussion over the one-component and the two-component pictures to describe the
optical conducitivity of high-Tc cuprates [25]. The doping dependence of the low-frequency
optical conductivity of these samples can also be summarized by plotting the integrated
spectral weight in the conductivity [23],
Neff(ω) =
2m0Vcell
πe2
ω∫
0
σ1(ω
′
)dω
′
, (2)
where m0 is taken as the free-electron mass, and Vcell is the unit cell volume. Neff(ω)
is proportional to the number of carriers participating in the optical absorption up to a
certain cutoff frequency ω, and has the dimension of frequency squared. Integration of
the conductivity up to ω = 8000 cm−1- the frequency at which we observe a clear onset
of interband transitions-provides only 30% of the spectral weight we measure when ω is
extended up to our experiment limit of 52000 cm−1. Fig. 4 shows the quantity Neff (ω =
8000 cm−1) plotted as a function of Tc, illustrating the correlation between the number of
carriers and Tc in the (Mg1−xAlx)B2 systems. It is interesting to note that the spectral
weight corresponds to an effective number of carriers of ∼ 0.48 and 0.16 for the x = 0.0 and
0.4 samples, suggesting that each Al removes approximately one carrier. From Fig. 4, it is
intriguing to note that Tc changes accordingly with Neff until a more significant drop in Tc
occurs at x = 0.4. This implies that an additional effect other than Neff begins to play a
role in the determination of Tc at the composition of x = 0.4. Another intriguing plot is Neff
vs x as in Fig. 5. It unambiguously demonstrates no abrupt change of Neff at either x = 0.1
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or 0.4, in agreement with XANES in Fig. 3. It has been argued that the evolution of the
electronic structure is responsible for the change of the lattice dynamics in (Mg1−xAlx)B2
[13]. The results in Figs. 4 and 5 further suggest that the phonon spectrum could be
affected by the superstructure, in addition to the factor of Neff . Why this superstructure
effect takes place at x = 0.4 rather than at smaller x is unknown. Perhaps the composition
of x = 0.4 approaches x = 0.5 close enough where the Al layer ordering is much preferred.
The formation of the superstructure has been explained recently by a simple model, though
with a too low instability temperature for the phase separation [26]. The interplay of the
electronic structure, the lattice dynamics, and the superstructure still remains unclear with
respect to the details.
B 2p σ holes in (Mg1−xAlx)B2 were actually theoretically investigated [4]. Figure 5
provides an excellent stage to compare between theoretical calculations and experimental
results. Though the absolute value of the carrier number is difficult to compare, the compar-
ison of the relative change of the carrier number due to Al doping can be made. Theoretical
calculations predict Neff(x )/ Neff(0)=1-1.75x [4], which amazingly agrees with the experi-
mental results in Fig. 5. It is noted that the solid line in Fig. 5 represents the theoretical
prediction with no fitting parameter. This astonishing agreement deserves further consider-
ation. In the calculations of Ref. [4], doped Al atoms were assumed to be distributed in
Mg planes, and no superstructure effects were included. It seems that the occurrence of the
superstructure has no effect on Neff while it affects the lattice dynamics which contributes
to further Tc suppression for x ≥0.4. This scenario is qualitatively in accord with the ex-
perimental results [13]. It is also likely that the coupling between σ and π bands has to be
included to account for the correct Tc suppression effects [26]. Furthermore, another first
principle calculation work (without considering the superstructure effects) suggests that an
abrupt topological change in the σ Fermi surface between x=0.3 and 0.4 [27]. How this elec-
tronic structure change reconciles with the observed smooth change of XANES and Neff(x ),
and how it is related to the evolution of the lattice dynamics and the Tc suppression remain
largely unknown. Certainly further theoretical studies as in Ref. [4] but including the
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interplay of all the electronic structure, the lattice dynamics, and the superstructure effects
are indispensable.
To conclude, spectroscopy studies of (Mg1−xAlx)B2 by XANES and optical reflectance
measurements not only identify the importance of B 2p σ hole states to superconductivity,
but also quantify the changes of the carrier number due to Al doping. The quantitative
decreasing rate of the σ hole number agrees well with the theoretical calculations. No
abrupt change of the carrier number was observed for x = 0.0 to 0.4. This smooth change is
difficult to reconcile with the large Tc suppression at x=0.4. While either the superstructure
or the topological change of the electronic structure in (Mg1−xAlx)B2 could be responsible
for this anomaly, the experimental results of the electronic structure evolution indicate that
a full understanding of the large Tc suppression at x = 0.4 is still desirable.
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FIGURES
FIG. 1. Resistivity ρ(T) of (Mg1−xAlx)B2. Inset: lattice parameters of (Mg1−xAlx)B2.
FIG. 2. B K-edge XANES of (Mg1−xAlx)B2 for x=0 to 0.4. The pre-edge peak is associated
with the B 2p σ hole states.
FIG. 3. Room-temperature optical conductivity spectra of (Mg1−xAlx)B2.
FIG. 4. The effective number of carriers Neff integrated up to 8000 cm
−1 vs Tc
FIG. 5. Neff vs x. The experimental results are shown as the solid circles. The theoretical
prediction is taken from Ref. 4 and denoted as the solid line. No fitting parameter is adjusted.
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